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ABSTRACT: Enormous progress has been made over the past
decade in developing bulk amorphous alloys with high strength
and other mechanical properties while possessing improved glass
forming and processing abilities. Particularly important in devel-
oping new systems is identifying the compositions most likely to
lead to glass formation. We illustrate here for the Al-Ni system
how Molecular Dynamics (MD) using a force field derived from
first-principles quantum mechanics (QM) can be used to deter-
mine the optimum compositions for glass forming ability (GFA).
Using the Two-Phase Thermodynamics (2PT)method to extract entropy and free energy directly fromMD, we find that the GFA is
closely related to (ΔGlc)Tg, the Gibbs free energy difference between the liquid state and crystal state at the glass transition
temperature Tg. We find that the glass phase is preferred at compositions where (ΔGlc)Tg is small and where the equilibrium crystal
structure is complex. For the AlNi alloys, our calculations suggest that the best glass-forming composition is 87.5% Al and 12.5% Ni.
On the basis of the Honeycutt-Andersen type of local structure analysis of alloys in the liquid state, we propose an atomic scale
explanation of GFA. Large GFA arises when there is a great difference in the atom bonding preference between different atom
species.
I. INTRODUCTION
Al-Ni alloy compounds are of considerable scientific and
technological interest.1 Thus, the superalloy AlNi3 with the L12
crystal structure exhibits a positive temperature dependence of
yield stress2 leading to attractive high-temperature structural
properties. In addition to such high-temperature mechanical
properties, the Al-Ni system is attractive for developing Al-rich
amorphous metallic glasses.3,4 Recent research on Al-based
amorphous alloys has focused mainly on the Al-TM-RE alloy
system (where TM is a transition metal and RE is a rare-earth
element).5,6 For example, Al87Ni7RE6 is an excellent glass former
for RE = La and Sm. Among these systems, Ni is the most
commonly used transition metal. For this reason, we decided to
study the glass forming ability (GFA) in Al-Ni binary alloys.
The GFA can be viewed as the resistance to precipitation of
crystalline phases from supercooled liquid metals. Many pub-
lications have reported that an appropriate mismatch of atomic
sizes and negative heats of mixing are major factors in determin-
ing the GFA of an alloy system.7-9 However, there have been no
systematic studies of GFA for a binary system having a phase
diagram as complicated as Al-Ni, which is shown in Figure 1.10
In this paper, we investigate the GFA of Al-Ni alloys over the
whole range of compositions and determine the best glass
forming composition based on the differences in the free energies
of the amorphous and crystalline phases. We use a local analysis
of structure in the liquid phase to derive an explanation of
the GFA.
This paper uses molecular dynamics (MD) simulations based
on a quantum mechanically (QM) derived force field to deter-
mine how the structural arrangements of atoms evolve during
heating or cooling.8,9 These MD simulations are used then to
extract free energies as a function of composition, which is in turn
used to determine how the glass forming ability depends on
composition.
Section II describes our approach to first-principles predic-
tions on these systems. Thus, we carry out density functional
theory (DFT) calculations using the PBE generalized gradient
approximation on crystalline phases. Then, we used the QM to fit
the parameters in an RGL (Rosato-Guillope-Legrand)11 type
many-body force field. Then we used this first-principles derived
RGL FF inmolecular dynamics (MD) studies for the heating and
cooling processes in the various alloys. These results were then
analyzed using the two-phase thermodynamics (2PT) method19
to extract the entropy and free energy of the glassy and crystalline
phases.
Section III presents the results of the simulations and uses
them to extract the interesting properties. Here, AlNi, AlNi3, and
Al3Ni are used as examples to show how thermodynamic proper-
ties and equilibrium structure influence the GFA. Here,
Al87.5%Ni12.5% is used as an example to show how to extract
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the Gibbs free energy of crystal phase at a composition in which
the most stable state is a mixture of two crystal phases. This
calculation of thermodynamic properties is used then to deter-
mine the optimum glass forming composition. We then use these
results to provide an atomic scale explanation of GFA.
Section IV summarizes the major results of this paper.
II. CALCULATION METHODS
II.A. QuantumMechanics Calculations. To avoid introduc-
ing empirical data, all results in this study are based on the results
of first-principles density functional theory (DFT) quantum
mechanics (QM) calculations, which are used to determine all
force field parameters. These QM calculations used the PBE
flavor of DFT as implemented in the SeqQuest Periodic QM
program.12 We use a double-ζ plus polarization level of con-
tracted Gaussian basis functions and an angular projected norm
conserving pseudopotential.
For the pure Al and Ni phases, we calculated six phases, fcc,
hcp, bcc, A15, simple cubic (sc), and diamond, even though only
fcc is observed experimentally. We use these many phases
to ensure that the FF describes properly the energetics for
various coordination environments (4, 6, 8, 12, and mixed).
We calculated the equation of state (EOS) for these six crystalline
phases.
In addition, we included QM calculations on the various
known intermetallic compounds: Al3Ni, Al3Ni2, AlNi, Al3Ni5,
and AlNi3. In addition to optimizing the cell parameters and
atomic positions for the known structures of these compounds,
we carried out EOS for Al3Ni, AlNi, and AlNi3. These EOS
calculations were used to extract the distance dependence of the
Al-Ni interaction terms.
II.B. Force Field and Parameters. To study the melting and
quenching of various phases relevant for these systems requires
about 1 ns of MD for unit cells with 432-500 atoms for many
compositions. Such extensive studies are not practical for QM,
and hence we have instead fitted our QMwith a force field. From
many previous studies of metal alloys, it is clear that simple two-
body pair potentials are inadequate for describing metallic
alloys.13 For example, two-body potentials for a pure metal
necessarily lead to the Cauchy equality of elastic constants,
C12 = C44, which is not observed in real metals.
Instead, to describe the cohesive forces in normal metals
requires a many-body description. Several such force fields have
been used successfully, including the embedded atom model
(EAM), ReaxFF, Sutton Chen, and RGL forms. In this paper, we
chose to use the RGL (Rosato, Guillope, and Legrand11) type
many-body force field, which has the following form.
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where rij is the distance between atoms i and j.
Here, ER
i is a pairwise potential term that describes the
repulsive interactions, while EB
i is the many-body metallic bond-
ing potential term. The quantity r0
Rβ is a geometry scaling number
used to make the cutoffs for different structures and metals
consistent. We define it as the geometric mean of the distances
between the nearest neighbors in a face-centered cubic (fcc)
structure for R and for β. The force field parameters to be fitted
are: εRβ, cRβ, pRβ, and qRβ.
Since atomic interactions in RGL potential decay exponen-
tially with increased atomic spacings, the cutoff distance is set to
include only two shells of atoms for the fcc phase. For the Al-Ni
system, this cutoff distance is Rcut = 4.5 Å.
The force field parameters were optimized to reproduce QM
calculated properties, including the equilibrium lattice constants,
cohesive energies, bulk moduli, and EOS. The optimum param-
eters obtained from fitting this data are listed in Table 1.
Comparisons between force field results and QM data in the
pure Al and pure Ni cases are listed in Table 2 and Table 3,14
where lattice constants, cohesive energy, and bulk moduli are
compared. Figure 1 shows the phase diagram of the Al-Ni
Table 1. Parameters for the GRL Many-Body Potentials in
the Al-Ni System
R-β r0 ε c p q
Al-Al 2.86428 0.1396 1.1734 11.129 2.152
Ni-Ni 2.55349 0.2080 1.591 11.198 2.413
Al-Ni 2.70442 0.2444 1.701 9.757 3.117
Table 2. Comparison of Equilibrium Properties of Metallic
Al from QM and the RGL Force Fielda
structure fcc hcp bcc A15 SCb diamond
a_QM (Å) 4.0501 2.8699 3.25312 5.1495 2.7122 5.9268
a_FF (Å) 4.050 2.852 3.235 5.176 2.701 6.096
E_coh_QM (eV) 3.39 3.3751 3.2976 3.287 2.9518 2.4034
E_coh_FF (eV) 3.3905 3.3899 3.2916 3.2238 2.9962 2.4269
B_QM (GPa) 75.1 63.5 71.1 73.6 61.2 44.1
B_FF (GPa) 89.59 86.76 84.24 79.15 64.17 34.10
aOnly the fcc structure is observed experimentally. These experimental
properties at 300 K for fcc are listed. b SC denotes simple cubic structure.
Figure 1. Phase diagram of Al-Ni.10
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system.10 There are five experimentally known intermetallic
compounds. The equations of states of the five intermetallic
compounds are plotted in Figure S1 of the Supporting Informa-
tion.
The above comparisons with QM indicate that the RGL force
field (with just six parameters) is accurate in reproducing QM
results for the various alloys. This reliable force field will be used
in MD simulation in the next step.
II.C.Molecular Dynamics. Three types ofMD are carried out
in this paper.
• TtN15-18 in which the dynamics is appropriate for constant
temperature, constant thermodynamic tension or stress
(indicated as t), and constant number of atoms. Here
thermostats and barostats coupling to the heat and pressure
baths are included in the equations of motion.
• ThN in which the dynamics is appropriate for constant
temperature, constant cell shape (indicated as h), and
constant number of atoms. Here a thermostat coupling to
the heat baths is included in the equations of motion.
• EhN in which the dynamics is appropriate for constant
energy, constant cell shape, and constant number of atoms.
Here the dynamics is classical Newton’s equations, corre-
sponding to an adiabatic system.
We obtain structural parameters (cell and atom positions as a
function of pressure) from TtNMD. These structural results are
used to provide the shape and size ofMD cells under zero external
tension for subsequent ThN and EhN simulations to obtain
thermodynamic properties (mainly come from EhN MD).
The TtN MD simulations started from a super cell of 500
atoms for the fcc and bcc systems (and similar values for the
others) with the shape and size of the cell free to change under
periodic boundary conditions.
We carried out heating simulations (TtN) at constant rates of
100 K per 25 ps to temperatures of at least several hundred
degrees above the melting point. At each temperature, TtN MD
was carried out for 25 ps using a time step of 1 fs (10-15 s).
For the cooling cycle, we started with the equilibrated liquid
phase system at high temperature and cooled it at various
quenching rates: 100 K/50 ps, 100 K/25 ps, and 100 K/12.5
ps. These quenching rates are equivalent to 2  1012, 4  1012,
and 8  1012 K/s, respectively.
The Hamiltonian for the TtN MD (Ray and Rahman17) has
the form
HðF,Π, h, Ph, s, PsÞ ¼
XN
i
πiRGRβ - 1πiβ
2m
þ TrðΠ
0ΠÞ
2W
þ Ps
2
2Q
þUðF, hÞþV0TrðtεÞþ gkBT0 lnðsÞ ð4Þ
Here U is potential energy as described by the FF; (Fi, πi) are
the cell scaled atomic coordinates and conjugate momenta of
particle i; and (h,
Q
) are the shape and momentum tensors
of the MD cell. The Metric tensor G is defined as G = h0h
(where the prime denotes transpose), and the strain tensor ε is
given by
ε ¼ 1
2
ðh00 - 1Gh- 10 - IÞ ð5Þ
In eq 4, the reservoir temperature is denoted as T0, while the
external stress is t. Here (s, Ps) are the Nose scaling variable and
its conjugate momentum. The second and third terms in eq 4 are
the temperature bath kinetic energy and pressure bath kinetic
energy used to include
Q
and Ps in the molecular dynamics. Here
the mass parameters, W and Q, define the relaxation times for
equilibrating the internal temperature and internal stress, respec-
tively.
II.D. Thermodynamic Analysis. To obtain entropies, free
energies, and enthalpies as a function of temperature and
pressure, we use the 2PT method of Lin, Blanco, and Goddard,19
which uses short MD simulations (5 ps for ThN and 20 ps for
EhN MD) to extract velocity autocorrelation functions, Fourier
transforms this to obtain the power spectrum, and then extracts
the diffusional contributions to obtain the vibrational density of
states which is used to obtain the quantum corrections to the
zero-point energy and to the entropy and free energy. The
frequency dependence of the configurational or diffusional
entropy is performed on the basis of simulation results of EhN
MD.
II.E. Structural Analysis. II.E.1. Radial Distribution Func-
tion. The Radial distribution function (RDF) is defined as
gðrÞ ¼ 1
F2
Æ
X
i
X
j 6¼i
δðrþ ri - rjÞæ ð6Þ
where the angle bracket denotes a spherical average. From MD
simulations, we evaluate RDF as
gðrÞ ¼ V
N2
Xn
i¼ 1
nðrÞ
4πr2Δr
* +
ð7Þ
where V is the volume of the simulation cell; N is the number of
atoms in the cell; and n(r) refers to the number of particles found
in a shell from r to r þ Δr.
In this paper, we will generally be interested in the partial radial
distribution function for atom R and atom β, which for a binary
system is calculated by
gRβðrÞ ¼ VNANB
XNA
i¼ 1
niβðrÞ
4πr2Δr
* +
ð8Þ
II.E.2. Coordination Numbers. The coordination number
(CN) of an atom is defined as the number of atoms closest to a
given atom. The CNs are obtained by integrating partial radial
distribution function. The cutoff distance for the integration is
taken as the first minimal in the partial RDF after the first
maximum. The CN of a specified atom can also be obtained from
ZA ¼ ZAA þZAB ð9Þ
ZB ¼ ZBA þZBB ð10Þ
Table 3. Comparison of QM Data and Force Field Data of
Metal Ni
structure fcc hcp bcc A15 SC diamond
a_QM (Å) 3.6112 2.5305 2.8727 4.5877 2.39 5.2389
a_FF (Å) 3.61 2.542 2.881 4.606 2.401 5.450
E_coh_QM (eV) 4.44 4.41 4.40 4.32 3.79 3.13
E_coh_FF (eV) 4.441 4.440 4.326 4.33 3.987 3.171
B_QM (GPa) 197.1 197.8 194.3 183.4 146.5 93.8
B_FF (GPa) 185.0 207.0 176.74 165.9 136.4 69.0
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II.E.3. Modified Honeycutt-Andersen (HA) Indices.
The long-range disorder makes amorphous structure difficult to
analyze quantitatively. However, we showed previously8,9,13,20,21
that variations on the index introduced by Honeycutt and
Andersen22 to analyze the structures of Ar clusters are most useful
for characterizing disordered systems. We define the HA index (i, j,
k, l), as follows (just slightly different than the original).
• i = 1 indicates that the reference pair of atoms A and B are
nearest neighbors, while i = 2 indicates that they are second
nearest neighbors.
• j indicates the number of the nearest neighbors that are
bonded to both A and B.
• k indicates the number of bonds between the j atoms
bonded to both A and B.
• l is used to distinguish topologies that are different but for
which i, j, and k are the same.
To determine whether two atoms are bonded, we use the
first minimum in the partial radial distribution function past
the first maximum as the cutoff distance. We normalize the
fractions of HA indices by the total number of bonds, so that
the sum over all j,k,l with i = 1 adds up to unity. We carry out
the HA analysis on various atom pairs, for example Al-Al pairs,
Ni-Ni pairs, and Al-Ni pairs, which is referred to as partial
HA analysis.
Some examples are:
• For the face-centered cubic (fcc) structure, HA leads to
100% 1421.
• For the hexagonal close packed (hcp) structure, HA leads to
50% 1421 and 50% 1421.
• For the B2 (CsCl) structure, HA leads to 43% 1441 and 57%
1661, where A-A and B-B bonds are considered in
addition to A-B type bonds.
• 13-atom icosahedrons have 71% 1321, 29% 1551, and 71%
2331.
In general, 1421 and 1422 are characteristics of the closest
packed crystalline structures (fcc and hcp). 1441 and 1661 are
characteristics of binary bcc structure. 1551 and 2331 are
indications of icosahedral character. Our previous studies8,9,20,21
showed that liquids and metallic glasses of fcc metals are
characterized by local icosahedral indices.
II.F. Thermodynamic Properties. Thermodynamics pro-
vides the fundamental driving force behind phase transitions
and glass forming ability, making it essential to extract thermo-
dynamic properties, such as entropy and Gibbs free energy,
from the MD simulations. Recently a practical methodology for
doing this has been proposed; we used the two-phase thermo-
dynamic (2PT) model,19 which we apply here to obtain these
properties.
Figure 2. Heating and cooling of AlNi. (a) Potential energy as a function of temperature. (b) Volume as a function of temperature. (c) The construction
to obtain the glass transition temperature for a cooling rate of 4  1012 K/s.
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In the 2PT method, the velocity autocorrelation function
(VAC) is calculated from the simulation results of EhN MD.
Then the Fourier transform of the VAC is used to obtain a total
Density of States, DoS(ν), or power spectrum. We then partition
this DoS into a diffusional part that has a finite value at ν = 0 and
described it in terms of a gas of hard spheres plus a solid part
whose DoSf 0 as νf 0. Examples are shown in Figure S2 and
S4 of the Supporting Information. The entropy and free energy
are extracted from the DoS as described in refs 19 and 23. This
approach has been used previously to describe properties of the
CuZr amorphous system24,25 and polymers.26,27
The entropy obtained in the above analysis does not include
the entropy ofmixing because the dynamics is not long enough to
allow all atoms to interchange with each other. Thus, the mixing
entropy is expressed as follows
Smix ¼ - xA ln xA - ð1- xAÞlnð1- xAÞ ð11Þ
xA is the fraction of A atoms, and the fraction of B atoms is 1- xA.
The total entropy is calculated as Stotal = Ssolid þ diffusional
sphere part, respectively. Under constant NPT conditions, the
Gibbs free energy is the characteristic thermodynamic function.
The molar Gibbs free energy can be obtained from the following
equation
Gm ¼ ðEþ PV -TStotalÞ=N ð12Þ
Here E is internal energy; P is pressure; V is the volume of the
MD cell; and N is the total number of atoms in the MD cell.
III. RESULTS AND DISCUSSION
III.A. AlNi. First we considered the Al-Ni alloy with equal Al
and Ni components. At low temperature, the B2 or CsCl phase is
the ground state of AlNi, so we started the simulation with AlNi
in the B2 structure. Figure 2 (a) and (b) showw the variation of
the potential energy and volume as AlNi is heated and cooled.
Since volume and potential energy change similarly with tem-
perature upon heating and cooling, we discuss just the potential
energy in detail. On the heating line of Figure 2 (a), we find a
large jump at about 2000 K, which is the point at which AlNi
melts.
Starting in the melted phase and cooling, we see that the form
of the potential energy depends on the cooling rate. Quenching
at the rate of 2 1012 K/s, we see a sharp drop at about 1250 K,
indicating crystallization. However, quenching at faster rates of
4  1012 and 8  1012 K/s, we see no such abrupt change in
potential energy. These two lines are continuous, but their slopes
decrease discontinuously at some temperature. This is a sign of
glass forming. The glass transition temperature Tg is determined
as the temperature at which the slope of potential energy versus
temperature changes. In Figure 2 (c), the cooling curve of rate
4 1012 K/s is used as an example to show how to obtainTg. For
cooling rate 4  1012 K/s, Tg is about 612 K.
Figure 3 displays the partial RDF of AlNi at different points
during heating and cooling. At the beginning of heating (100 K),
AlNi has the B2 structure. From Figure 3 (a), the partial RDF of
the B2 structure has two characteristics.
• The PRDF peaks are at σ, 1.155σ, 1.633σ, 1.915σ, and 2σ,
where σ is the peak distance of the first near neighbors as
expected for the body centered cubic (bcc) structure.
• Only unlike atoms occupy the first nearest neighbor posi-
tions, and only like atoms occupy the second nearest
neighbor position, indicating B2 is a completely ordered
bcc structure.
At 2200 K, AlNi is in the liquid state. Now the first two peaks of
partial RDF become broader, and other peaks vanish, indicating
long-range disorder. Figure 3 (c) shows that the positions of
partial RDF peaks are the same as Figure 3 (a), but the peaks
become broader. This means that after the melt is cooled to 100
K at the rate of 21012 K/s AlNi has crystallized back to the B2.
There is a distinct splitting of the second peak in gAl-Al(r) and
gNi-Ni(r), indicating formation of an amorphous phase. Com-
paring (c) with (d) and (e), we see that the final structure
depends on the cooling rate. For slow cooling rates less than 2
1012 K/s, there is sufficient time for the structure to relax, leading
to the B2 structure. For fast quenching rates greater than 4 
1012 K/s, an amorphous phase is produced.
The Honeycutt-Andersen (HA) analysis provides details
about the structures in AlNi upon heating and cooling as shown
in Figure 4. During the heating process (Figure 4 (a)), AlNi starts
with the B2 structure, with 43% 1441 pairs and 57% 1661 pairs.
There is no amorphous component at the beginning, so fractions
of 1551 pairs and 2331 pairs are almost zero. When AlNi
is heated to over 800 K, the fractions of 1441 pairs and 1661 pairs
begin to decrease, while the fractions of 1551 pairs and 2331 pairs
gradually begin to increase, initially mostly due to the strong
atomic vibration at elevated temperatures. Between 1900 and
2000 K, there is an abrupt increase in 1551 and 2331 and an
abrupt decrease for 1441 and 1661. These abrupt changes are due
to the melting of AlNi.
As the melt is cooled slowly, 2  1012 K/s (Figure 4 (b)), it
crystallizes between 1100 and 900 K. Thus, the crystallization
temperature, Tc, is between 900 and 1100 K. At Tc, we see that
1551 and 2331 drop sharply while 1441 and 1661 rise sharply. At
the final temperature (100 K), there is 37% 1441, 48% 1661, and
less than 1% 1551, indicating that the final state is a slightly
distorted B2 structure, with no amorphous component. For the
larger cooling rate of 41012 K/s, Figure 4 (c) shows amaximum
for 1551 and 2331 at about the same temperature as the
crystallization temperature Tc for the 21012 K/s case. Before
reaching Tc, 1551 and 2331 increase slowly as temperature
decreases. After reaching Tc, a further decrease of temperature
Figure 3. Partial RDF of AlNi at five points during heating and cooling.
(a) At the beginning of heating (T = 100 K); (b)T = 2200 K in the liquid
state; (c) T = 100 K after cooling from melt at a rate of 2  1012 K/s;
(d) T = 100 K after cooling at a rate of 4 1012 K/s; (e) T = 100 K after
cooling at a rate of 8  1012 K/s.
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leads to a decrease in 1551, 2331 pairs and an increase in 1441,
1661 pairs, indicating a tendency to form B2 structure below 900
K. Because the cooling process is too fast for the structure to relax
to B2, the amorphous structure forms. For the even more rapid
quenching rate of 81012 K/s, Figure 4 (d) shows that all HA
indices have a behavior similar to the 41012 K/s quenching
rate. The only difference is that all curves become much flatter
because there is less time for the structure to relax.
III.B. AlNi3. The ground state of AlNi3 has the L12 structure,
which has cubic closet packing as in face-centered cubic (fcc) but
with Al atoms occupying the corners andNi atoms occupying the
face centers. We start with the L12 structure for the heating and
cooling simulation on AlNi3 using the same rates as for AlNi.
Figure 5 shows the potential energy of AlNi3 during heating
and cooling. Here AlNi3 melts at 1700 K, which is a jump in the
potential energy. For the cooling process, all three cooling rates,
Figure 4. Variation of the fractions of Honeycutt-Andersen indices during heating and cooling. (a)Heating at a rate of 4 1012 K/s; (b) cooling at 2
1012 K/s; (c) cooling at 4  1012 K/s; and (d) cooling at 8  1012 K/s.
Figure 5. Variation of potential energy of AlNi3 as a function of
temperature during heating and cooling.
Figure 6. Partial RDF of AlNi3 at 100 K: (a) L12 structure; (b) structure
after cooling from melt at a rate of 2  1012 K/s; (c) structure after
cooling at a rate of 4  1012 K/s; (d) structure after cooling at a rate of
8  1012 K/s.
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2  1012, 4  1012, and 8  1012 K/s, lead to crystallization at
1000 K. The partial RDF of AlNi3 of different states at 100 K is
shown in Figure 6. Comparing (b), (c), and (d) with (a) in
Figure 6, we see that fcc crystal structures are obtained for all
three cooling rates. The three fcc structures obtained upon
cooling are as compositionally ordered as L12. For the perfect
L12 structure (Figure 5(a)), only gNi-Ni and gAl-Ni have peaks at
the position of the first nearest neighbor, and no Al-Al pairs are
nearest neighbors. However, in the cooled structures, (b), (c),
and (d) all show some Al-Al pairs as nearest neighbors. Thus,
the structures obtained after cooling are disordered fcc. This
disorder arises because there is insufficient time for the atoms
that are mixed in the liquid phase to diffuse to their proper
ordering. The distances between the nearest Al-Al pairs are
slightly longer than between the nearest Al-Ni pairs or Ni-Ni
pairs because the Al atom is larger than the Ni atom and because
the Al-Al bonding is weaker than the Al-Ni bonding. The
longer distance between the nearest Al atoms makes the fcc
structure distort a little.
III.C. Al3Ni. At low temperature, the ground state of Al3Ni is
the D011 structure, which has an orthorhombic lattice with 12 Al
atoms and 4 Ni atoms per unit cell. We started the simulation
with Al3Ni in the D011 structure. The same heating and cooling
rates are used as for AlNi case and AlNi3 case.
Figure 7 shows the variation of potential energy of Al3Ni
during heating and cooling.We see thatD011 Al3Nimelts at 1100K
with a jump of potential energy. In the cooling process, no
cooling rate is slow enough to observe such an abrupt decrease in
potential energy. Instead we find a change in the slope. This
suggests glass formation at all three cooling rates. Figure 8
displays the partial RDF of the three glass phases compared with
those of the D011 crystal phase. From the partial RDF, we see that
all three cooling rates lead to an amorphous structure. The three
amorphous phases are almost the same, with only a very small
difference in the height and breadth of peaks.
III.D. Discussion on Glass Forming Ability. The above
analyses of the AlNi, AlNi3, and Al3Ni phases all exhibit different
glass forming ability. As summarized in Table 4, Al3Ni has the
largest GFA,since it forms glass at all three cooling rates. AlNi3
has the least GFA, since it crystallizes at all cooling rates. AlNi has
intermediate GFA, forming a glass at high cooling rate, but
crystallizing at low cooling rate.
Clearly, GFA is closely related to the suppression of crystal-
lization processes. The nucleation rate of the crystal phase In can
be expressed as28
In  exp -
ΔGlc
RT
 
ð13Þ
where ΔGlc is the difference of Gibbs free energy between the
liquid phase and crystal phase, usually regarded as the driving
force of crystallization. If ΔGlc is small, the GFA will be large.
Two factors determine ΔGlc.
• As illustrated in Figure 9 (a), one factor is the extent of super
cooling, which can be expressed in reduced glass transition
temperature Trg.
29
Trg ¼
Tg
Tm
ð14Þ
where Tg is glass transition temperature and Tm is melting
temperature.
• The other factor determining ΔGlc is the proximity of the
Gibbs free energy curve for the liquid to that of the crystal.
(b), (c), and (d) in Figure 9 show the Gibbs free energy of
crystal and liquid for AlNi, AlNi3, and Al3Ni, respectively. It
is clear that the crystal curve and liquid curve are much
closer in the Al3Ni case than in the AlNi and AlNi3 cases.
Considering both of the factors, we use (ΔGlc)Tg, the Gibbs
free energy difference of liquid and crystal at glass transition
temperature, to characterize GFA. A smaller (ΔGlc)Tg makes
GFA larger. Table 5 lists the Tg, Tm, Trg, and (ΔGlc)Tg of the
three alloys. Since AlNi3 does not form glass in our MD
simulation, its glass transition temperature is obtained from
extrapolation as shown in Figure 10. From Table 5, we see that
Figure 7. Variation of potential energy of Al3Ni as a function of
temperature during heating and cooling.
Figure 8. Partial radial distribution functions of Al3Ni of different
structure at 100 K. (a) D011 structure; (b) structure obtained after
cooling at a rate of 2 1012 K/s from the melt; (c) after cooling at 4
1012 K/s; (d) after cooling at 8  1012 K/s.
Table 4. Structures Introduced by Cooling at Different Rates
for AlNi3, AlNi, and Al3Ni
cooling rate (1012 K/s) AlNi3 AlNi Al3Ni
2 crystal crystal glass
4 crystal glass glass
8 crystal glass glass
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AlNi and AlNi3 have a (ΔGlc)Tg of about 15 kJ/mol and that they
crystallize under the MD conditions. However, for Al3Ni,
(ΔGlc)Tg is only 3.6 kJ/mol, so it cannot crystallize in our MD
simulation.
In addition to (ΔGlc)Tg, the equilibrium crystal structure also
influences GFA. During crystallization, the atoms in the liquid
phase must rearrange positions to achieve the crystal configura-
tion. Thus, complex equilibrium crystal structures much different
from the liquid imply high barriers for this rearrangement of
atoms into the crystal form, leading to a large GFA. Al3Ni has the
D011 structure, which is much more complicated than those of
AlNi (B2) and AlNi3 (L12), leading to a larger GFA than for the
other two compositions. The difference between the GFA of
AlNi and AlNi3 can also be explained in terms of the equilibrium
crystal structure. Although fcc and bcc are both simple structures,
we can expect different barriers for the atoms to rearrange from
the liquid form to the crystal form. The CN analysis shows that
for both compositions the liquid has CN ∼ 12-13, close to the
value for the close-packed fcc structure but far from the CN for
bcc. Thus, bcc structure should have a higher atomic rearrange-
ment barrier than the fcc structure, making it reasonable that
AlNi has higher GFA than AlNi3.
III.E. Gibbs Free Energy of the Crystal Phase for Al 87.5%/
Ni 12.5%. The phase diagram of the Al-Ni system (Figure 1 (a))
shows that for Ni content between 0% and 25% the ground state
Figure 9. Gibbs free energy versus temperature in the liquid phase and crystal phase: (a) illustrative graph; (b) AlNi; (c) AlNi3; (d) Al3Ni.
Table 5. Comparison of Melting Temperatures Tm, Glass
Transition Temperatures Tg, Reduced Glass Transition
Temperatures Trg (Trg = Tg/Tm), and Gibbs Free Energy
Difference between Supercooled Liquid and Crystal at a
Temperature of 500 K below Tm for AlNi3, AlNi, and Al3Ni
AlNi3 AlNi Al3Ni
Tm (K) 1379 1856 895
Tg (K) 615
a 612 590
Trg (K) 0.446 0.330 0.659
(ΔGLC)Tg (kJ/mol) 14.9 15.6 3.6
aTg of AlNi3 comes from extrapolation of the curve Tg vs composition.
Figure 10. Glass transition temperature Tg versus composition in the
Al-Ni system.
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is a mixture of two kinds of crystals. To model systems in this
range, we chose Al 87.5%/Ni 12.5% and calculated the Gibbs free
energy at this composition.
Table 6 lists our calculated potential energy of fcc Al7Ni,
orthorhombic Al7Ni (D011 Al3Ni with two Ni atoms substituted
by Al atoms in the unit cell), fcc Al, D011 Al3Ni, and Al 87.5%/Ni
12.5% composed of half fcc Al and half D011 Al3Ni at 100 K. If the
alloy Al 87.5%/Ni 12.5% were to decompose to half fcc Al and
half D011 Al3Ni, the potential energy (-357.24 kJ/mol) would
be 27 kJ/mol lower than that of fcc Al7Ni (330.12 kJ/mol) and 15
kJ/mol lower than that of orthorhombic Al7Ni (342.52 kJ/mol).
Here we neglect the interface energy with different crystal phases.
Thus, our calculations predict that the ground state of Al 87.5%/
Ni 12.5% is a mixture of half fcc Al and half D011 Al3Ni, in
agreement with the experimental phase diagram.
The Gibbs free energy of Al 87.5%/Ni 12.5% in the crystal
phase can be obtained from linear combination of those of fcc Al
and D011 Al3Ni.
ðGmÞAl87:5%=Ni12:5 ¼
1
2
½ðGmÞf ccAl þðGmÞD011Al3Ni ð15Þ
Figure 11 shows Gibbs free energy of Al 87.5%/Ni 12.5% in the
crystal phase, liquid phase, and amorphous phase. These calcula-
tions lead to a melting temperature Tm ∼ 707 K and a glass
transition temperatureTg∼ 553 K.We calculate that (ΔGlc)Tg∼
1.5 kJ/mol.
For other compositions between 0% and 25% Ni content, we
can obtain the Gibbs free energy of the crystal phase in the same
way as for Al 87.5%/Ni 12.5%, taking the composition of fcc Al
and D011 Al3Ni using the level rule.
III.F. Best Glass Forming Composition in the Al-Ni System.
The same heating and cooling MD simulations and thermody-
namic analysis were conducted for the other compositions, leading
to the results summarized in Table 7. Our MD simulations predict
that the glass can form only on the Al-rich side. Again, we find that
(ΔGlc)Tg is inversely related to GFA. To predict the best glass
forming composition, we plot (ΔGlc)Tg versus composition in
Figure 12. The best glass forming composition should be the
composition with the smallest (ΔGlc)Tg. From Figure 12, we
predict that Al 87.5%/Ni 12.5% is the best glass forming composi-
tion, which is consistent with experiment. To achieve an AlNi-
based glass experimentally, it was necessary to prepare alloys with a
small amount of additional elements, for instance, Al87Ni7Gd6,
30
Al87Ni7Ce6,
5 Al87Ni10Zr3, and Al87Ni7Nd3Cu3.
31 However, all of
these have ∼87% Al.
III.G. Atomic-Scale Explanation of GFA. In the above sec-
tions, we discussed the GFA of Al-Ni alloys from the view of
thermodynamics. In this part, we examine GFA from the atomic
scale view. The objective is to determine how the nature of
atom-atom bonding is related to equilibrium structure and how
it influences glass forming. We consider that it is best to
investigate the preference of atom bonding in the liquid state
since this removes bias due to packing into an ordered structure.
Here we use CN and HA to characterize the preference of atom
bonding. All analyses in this section were performed at 1900 K,
which is in a liquid state for all compositions.
The CN analyses are shown in Figure 13(a) for the Al center
and in Figure 13 (b) for the Ni center. The total CN numbers for
first near Al atoms and first near Ni atoms are plotted in both
cases. For the Al atom, we find that CN is 12-14 for all
Table 6. Potential Energy of fcc Al7Ni, Orthorhombic Al7Ni (D011 Al3Ni with Two Ni Atoms Substituted by Al Atoms), fcc Al,
D011 Al3Ni, and Al7Ni Composed of Half fcc Al and Half D011 Al3Ni at 100 K
fcc Al7Ni orthorhombic Al7Ni fcc Al D011 Al3Ni 1/2 (fcc Al þD011 Al3Ni)
potential energy (kJ/mol) -330.12 -341.60 -325.88 -388.60 -357.24
Figure 11. Gibbs free energy of Al 87.5%/Ni 12.5% versus temperature
in liquid, glass, and crystal phases (half fcc Al and half D011 Al3Ni).
Table 7. Resulting Phases after Cooling from Melts, Glass
Transition Temperature Tg, Melting Temperature Tm, and
(ΔGm)lc at Different Compositions
a
Ni content (%) 0.0 7.0 12.5 18 25 50 62.5 75 87.5 100
cooling
rate
100 K/12.5 ps C G G G G G C C C C
100 K/25 ps C G G G G G C C C C
100 K/50 ps C G G G G C C C C C
Tg (K) 510
b 537 553 570 590 612 614b 615b 616b 617b
Tm (K) 1093 921
c 707c 795c 895 1856 1254 1379 1429 1472
(ΔGLC)Tg (kJ/mol) 7.2 3.7 1.5 2.6 3.6 15.6 10.9 14.9 9.2 17.0
aC represents crystal, and G represents glass. bGlass transition tem-
perature obtained from extrapolation. cUse two-crystal mixture as the
crystal phase.
Figure 12. Gibbs free energy difference between the liquid phase and
crystal phase over the whole range of compositions.
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compositions, being smaller on both the Al-rich side and the Ni-
rich side, reaching amaximum in themiddle. However, the CN of
the Ni atom shows a distinct decrease with decreasing Ni content
from CN = 12.9 at 75% to CN = 9.3 at 12.5%. Comparing
Figure 13a and b, we see that there is a big difference between the
CN of Al and CN of Ni in the Al-rich region. For example, at
12.5% Ni, the Al has CN = 12.8, but Ni has CN = 9.3.
Figure 14(a) shows the results of the HA analysis, with the
fraction of 1441 þ 1661 (indicating bcc), 1421 þ 1422
(indicating fcc or hcp), and 1551 (icosahedral) plotted over
the whole range of compositions. Compared with 1441þ1661,
the fraction of 1551 and the fraction of 1421 þ 1422 vary
significantly with the change of composition, with fluctuations
of about the same amplitude and opposite direction. We use the
sum of 1551 and 1421 þ 1422 to indicate the preference to
form closest packed structures (fcc or glass). Thus, the ratio of
1441 þ 1661 to 1551þ 1421 þ 1422 represents the preference
to form bcc over closest packing, as shown in Figure 14(b). In the
middle range of composition, this ratio is a maximum, indicating
that bcc is most favorable at this composition. More quantita-
tively, we use the ratio value at 62.5% Ni (Al3Ni5) to indicate
where bcc or fcc is favored. At this composition, Al3Ni5 has a
body-center tetragonal (bct) super cell with one-fourth Al atoms
substituted by Ni atoms, leading to c/a = 1.11. The bcc and fcc
lattice can also be considered as bct structures with c/a = 1.0 and
c/a = 1.414, respectively. Since the c/a of Al3Ni5 is between that
of bcc and that of fcc, we regard it as intermediate between the
bcc and fcc structures. In the middle region (41% < Ni < 62.5%),
bcc structure is preferred, whereas at the high-Al region and
at the high-Ni region the fcc or amorphous structure is preferred,
as indicated by the (1441 þ 1661)/(1551 þ 1421 þ 1422)
ratio.
To determine how the high-Al and high-Ni regions differ, we
used the HA analysis for Al-Al, Al-Ni, and Ni-Ni separately.
Here we used the (1421 þ 1422)/(1421 þ 1422 þ 1551) ratio
to characterize the preference to form fcc structure, as shown in
Figure 15. Figure 15 shows that the difference between the ratios
for different pairs is large for the high-Al content region but small
for the high-Ni content region. This explains why the high-Ni
content region can crystallize to fcc homogeneously during
cooling. However, in the high-Al content region, the Al-Al pairs
prefer to form fcc, while theNi-Ni pairs do not like to form fcc at
all. Al-Ni is in the middle way between Al-Al pairs and Ni-Ni
pairs. Such large differences make it difficult for the melt to
crystallize homogeneously, making it more favorable for the
amorphous structure to form in the high-Al content region. For
slower cooling rates, this composition range can crystallize but
into complex crystal structures or with phase separation.
From the CN analysis andHA analysis, we predict that the best
glass former is Al 12.5%/Ni 87.5%, which leads to quite different
local structures around Al and Ni atoms and between different
atom pairs. Such large differences in local structure make it easy
for the melt to form the glass. From an atomistic view, large GFA
arises from the large difference in the bonding preference of
different atoms and different atom pairs
Figure 13. Numbers of first near neighbors around the Al center (a) and Ni center (b).
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IV. CONCLUSION
We used molecular dynamics with the RGL first-principles
derived force field to study the glass forming ability of Al-Ni
alloys over the whole range of compositions.
Here we extract the thermodynamic variable, (ΔGlc)Tg, the
Gibbs free energy difference of liquid and crystal at the glass
transition temperature, to characterize GFA. (ΔGlc)Tg is inver-
sely related to GFA. The Al-Ni metallic glass prefers to form at
compositions where (ΔGlc)Tg is small. In addition, the equilib-
rium crystal structure influences GFA. The glass prefers to form
at compositions where the equilibrium structure is complex. Our
calculations of (ΔGlc)Tg show that the best glass forming
composition is around Al 87.5%/Ni 12.5%, where (ΔGlc)Tg
reaches the minimum.
From the view of an atomic scale, the GFA of the Al-Ni alloy
is determined by the differences between atom bonding pref-
erence between different atom species, as indicated by CN and
HA. The larger the difference, the higher the GFA. When the
difference between different atom species is small, the melt can
crystallize homogeneously to form a simple crystal structure.
This means small GFA. However, when this difference is large,
homogeneous crystallization to form a simple crystal structure is
not favored. In this case, a complex crystal structure or phase
separation is obtained. At such compositions, the glass is easy to
form when the system is cooled too quickly to allow sufficient
relaxation. Thus, GFA is large under such conditions. Again, for
Al-Ni, this atomic level analysis indicates that the best glass
forming composition is Al 87.5%/Ni 12.5%, explaining why the
thermodynamic criterion (ΔGlc)Tg is smallest here.
Indeed, although amorphous binary alloys of AlNi have not
been formed experimentally, known multicomponent alloys
Al87Ni7Gd6,
30 Al87Ni7Ce6,
5 Al87Ni10Zr3, and Al87Ni7Nd3Cu3
31
all have∼87% Al, consistent with the theory. We believe that this
study validates that MD calculations analyzed with the 2PT
methodology to attain free energies and local bonding character-
ized with CN and HA analysts can provide valuable data to
determine the optimum companions for forming bulk metallic
glasses.
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